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FOREWORD

This report was prepared by the National Aerospace Laboratory
(NLR of Amsterdam, the Netherlands. The sponsors were the Air Force
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of Wright-Patterson Air Force Base, Ohio. The sponsorship was per-
formed through AFOSR Grant 77-3233, administered by Captain D. Wilkins
of the Air Force Office of Scientific Research (AFOSR/TKN) of Bolling
Air Force Base, Washington D.C.

The report consists of four parts. Part I contains the general
description; Part Il discusses the steady and unsteady aerodynamic
tests of the clean F-5 wing; Part III discusses the tests for the wing
with tip-mounted stores; and Part IV discusses the tests for the wing
with under-wing stores.

The principal investigators were Dr. H. Tijdeman and Mr. J. W. G.
van Nunen of NLR. They were assisted by A. N. Kraan, A. J. Persoon,
R. Poestkoke, Dr R. Roos, P. Schippers and C. M. Siebert of NLR.
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Lovic Thomas of the AFATL. It would not have been possible without the
expert assistance of Richard Wallace (Lt Colonel, USAF, Retired), and
Lt Colonel Daniel Seger and Major Robert Powell of the European Office
of Aerospace Research Development (EOARD).
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LIST OF SYMBOLS

coefficient in the approximation of the vibration modes

chord

mean geometric chord; C = .4183

pitch moment coefficient for the store

sectional pitch moment coefficient
pressure coefficient

root chord; Cr = (0.6396

normal force coefficient for the store

sectional normal force coefficient

frequency of oscillation
WFCr

v

reduced frequency; K =
pitching moment
free-stream Mach number
free-stream static pressure
unsteady pressure at model surface
local static pressure

stagnation pressure
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X coordinate in free-stream direction

y coordinate in spanwise direction

z normal force

a incidence; positive nose up

8 amplitude of oscillation in the section of
accelerometers 1 and 2; positive nose up

w angular velocity; = 2nF

SUBSCRIPTS

i referring to unsteady quantities

q referring to quasi-steady quantities

st referring to the store

tip referring to the wing tip

SUFFICES

+ denotes upper surface

- denotes lower surface
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INTRODUCTION

In order to determine the unsteady airloads on a representative
fighter-type wing at transonic and supersonic speeds, wind-tunnel tests
were carried out on an oscillating model of the F-5 wing with and with-
out external store. If present, this external store (AIM-9J missile +
launcher) was mounted either at the tip or under the wing.

The wing model was oscillated in pitch about a 50 per cent root-
chord axis at frequencies varying up to 40 Hz (for dimensions see
Fig. 1a). The Mach number ranged between 0.6 and 1.35. Detailed pres-
sure distributions, both steady and unsteady, were measured over the
wing, while on the store the total aerodynamic loads were obtained. A
description of the experimental test set-up and the test program is
given in part I of this report (Ref. 1). The results are published in
a data report (Ref. 2), while for easy data handling they are available
also on megnetic tape.

To assist in the evaluation of the data, reference 1 is supplemented
by three additional parts, covering successively the clean wing, the wing
with tipstore and the wing with underwing store. Each part contains plots
of the steady and unsteady pressure distributions and gives a brief
analysis of some selected results.

The present report (part III) focusses on the configuration of the
wing with tipstore. Figure 1b shows the model of this configuration

mounted on the HST wind-tunnel wall, while the location of the pressure
orifices is given in figure 1c. The report considers in particular the
influence of the tipstore on the wing loading and on the loads, experi-
enced by the store itself. For the wing this analysis concerns a com-
parison with the clean wing configuration results of which are taken from
part II (Ref. 3), where the behaviour of the unsteady pressures and inte-
grated loads with frequency and Mach number for the clean wing is ana-
lyzed in detail., For the store the succesgive contributions of the launch-
er, missile body, aft wings and canard fins are considered.

For subsonic flow the experimental data are supplemented with theo-
retical results obtained with the NLRI-method for wing-body configurations
{Ref. U4). Purther, since the NLRI-method is rather expensive in terms of
computer costs, a successful attempt has been made to devise a panel dis=-

tribution , which will lead to comparative results when applied in a

Doublet Lattice calculation.
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2.2

STEADY RESULTS

General

During the wind-tunnel experiment steady pressures were measured
over the wing at incidences of -0.5, O and 0.5 degrees. For all tip-
store configurations a listing of the test variables as well as a com-
plete set of plots of the resulting steady pressure distributions in the
eight measuring sections is gathered in Appendix III.B. In addition to
the pressures on the wing also the normal load and pitching moment ex-
perienced by the store were measured for the same incidences. The results
of these measurements are given in Appendix III.D.

For the limiting case of zero frequency so-called "quasi-steady"
results can be obtained by considering the steady results for small in-
cidences around a certain mid-pcsition. In the present investigation
"quasi-steady" loads for a mid-position of zero degrees were obtained
from the steady data taken at incidences of -0.5 and 0.5 degrees. The
definitions are given in Appendix III.A.

The steady and quasi-steady load distributions presented in the
following part of this chapter, were obtained from the measured pressure
distributions. In this respect, it is noted that for the integration, in
section 3 and 5 the faulty value, found on the upperside near the leading
edge, was replaced by a new value obtained by interpolation between the

sections 2, L4 and 6.

Steady and quasi-steady loads on the wing

In order to better understand the influence the tipstore has on the
quasi-steady and unsteady spanwise load distributions, it is useful to
investigate first its effect on the steady load distribution. Figures
2a through 2c¢ show these distributions for subsonic (Ma = 9.6), transonic
(Ma = 0.9) and supersonic (Ma = 1.35) flow conditions. For incidences of
-0.5, 0 and 0.5 degrees, each figure gives a comparison of the steady
load distributions for the configuration with the complete tipstore and
for the clean wing.

At Ma = 0.6 (Fig. 2a) the store affects the normal load on the outer
two-thirds of the wing. As expected, at a positive incidence the store
causes the normal force to increase to higher values, while for negative
incidences the loading becomes more negative. The maximal influence is

. c 0
found in the vicinity of the store. At a ~ 0 the normal lcad on the

Gt




wing varies around zero and in that case the store -does not produce any
marked influence.

When the Mach number is increased to Ma = 0.9 (Fig. 2b) the behaviour
is similar except that now the influence of the store is felt over the
complete span of the wing. Further, the presence of the store induces a
slightly stronger shock on the upperside of the wing, which in turn re-
sults in an increased interference effect near the store. Again at a ~ 00
the influence is minimal.

Under supersonic conditions (Ma = 1.35) the clean wing experiences
a negative steady normal load for all three incidences considered
(Fig. 2c). Consequently the store raises the magnitude of this negative
loading even further, be it that for positive incidence the difference
is less than for negative incidences. Contrary to the subsonic and trans-
sonic cases, the area of the wing influenced is limited to the outer
30 per cent of the span. The interference is maximal near the wing tip
and gradually reduces to zero near measuring section 5. This behaviour
corresponds well with the supersonic zone of influence which at Ma = 1.35
can be thought to originate from the forward wing~tip corner.

In general one can conclude that for all Mach numbers the store acts
as an endplate, increasing the circulation about the wing.

The quasi-steady spanwise load distributions derived from the steady
distributions, are presented in figures 3a to 3¢c. As can be expected,they
show qualitatively the same interference effects, i.e. the interference
is maximal near the tip and diminishes towards the root.

This behaviour is found also in figure 4, in which the quasi-steady
normal loads in section 2, 5 and 8 are plotted against Mach number. In
section 2 the only noticeable influence of the tipstore is found in the
transonic range. Section 5 is influenced at Mach numbers below 1.2, while
in section 8 the presence of the tipstore is felt at all Mach numbers.

At Ma = 1.1 the configuration with tipstore was tested for two dif-
ferent stagnation pressures P = 0.7 x 105 Pa and P, = 1.0x 105 Pa.

The results in figure 4 indicate that a decrease in the stagnation pres-
sure results in an increase of Czq,especially over the outer part of the
span. From the steady pressure distributions (Figs. III.B. 55 to 60) it
can be concluded that this decrease is mainly due to variations in the
pressures on the wer side of the wing in the recompression region behind
the leading edge. his may be caused by the change in Reynolds number

from 6 x 108 to 4.3 x 108 or by a change of the local incidence due to

= -
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2.3

torsional deformation of the model. Since the loading on the outer part
of the wing and on the store acts at a position behind the pitch axis '
(50 % root chord), this deformation tends to diminish the local indi-
dence with increasing stagnation pressure.

Most probably, the same effect is present also for the clean wing
configuration, which means that in sections S and 8 the values for
Ma = 1.2 and 1.35 are slightly too high when compared to the results

found for the lower Mach numbers.

Steady and quasi-steady loads on the store

The present tests were carried out with the store in various stages
of completeness, making it possible to investigate the aerodynamic con-
tribution of specific parts of the store. For the different configura-
tions tested the steady normal force and pitching moment acting on the
store were measured by a strain gage balance located at the interface of
the wingtip and ttie launcher. The measured results are presented in fi-
gures 58 and 5b. For the three test incidences of ~0.5, 0, 0.5 degrees
the normal force and pitching moment coefficients are plotted versus
Mach number for four configurations, i.e. the wing to which consecutively
the launcher, the missile body, the aft wing .ad the canard fins are
added.

For all configurations the normal force and even more the pitching
moment do show qualitatively the same behaviour with Mach number. Adding
one by one the different parts of the store results in general in an in-
crease of the normal force, For a = 0.5%and -0.5%the missile body and tne
aft wings roughly give a doubling of the normal force, when compared to
the preceding case. The canard fins, with their small physical dimensions,
are responsible for only a very small increase. For a = 0 the influence
of the completeness of the store is most effective at Ma = {.35.

On the pitching moment the effect of the various parts is guite dif-
ferent. Here the aft wings and the canard fins generate counteracting
contributions caused by their positioning relative to the balance centre
(see Fig. 1a). For ¢ = 0.50and -0.5%the aft wings produce a stabilizing
moment, while the moment due to the canard fins tends to increase the in-
cidence. Further, because the canard fins are located at a large dis-
tance from the balance centre, their contribution to the pitching moment
is relatively large, even though they produce only a very small normal )

force.




The quasi-steady normal force and pitching moment extracted from
these steady data are presented in figure 6. The general trends found
for the steady coefficients, are visible here too. Missile body and aft
wings each double the normal load with respect to the preceding case,
while the effect of the canard fins is negligible. For.the pitching
moment, the aft wings completely nullify the contribution of the missile
body and at the higher Mach numbers also of the launcher. The cansrd
fins restore the pitching moment to and even above the level of the con-

figuration with missile body and launcher present.

UNSTEADY RESULTS

Vibration modes

To monitor the vibration modes of the wing and store during the
tests, the model was equipped with 10 accelerometers, eight in the wing
and two in the launcher (for exact locations see Fig. 1a). As was done
for the clean wing configuration (see Ref. 3J, also for the configuration
with the complete tipstore the readings of these accelerometers were
used to make analytical approximations of the vibration modes for the
20 Hz testruns. The polynomial expression used for these approximations

is:

0, 1, 2; n=20, 1)

(store: m = 0; n=0, 1)

(wing : m
wix,y) = § a Xy
This expression assumes no deformation in chordwise direction and a para-
bolic deformation in spanwise direction. In using the measured values, for
a few testruns the readings of accelerometers 5 and 7 were carefully
weighted to ensure a realistic development of the torsion angle along the
span. Taking this into account, the difference between the analytically
approximated displacements and the experimental readings remains within
2 per cent of the maximal displacement. Table 1 presents the numerical
values of the coefficients &n for the analyzed vibration modes. The nor-
melization is carried out such that at the wing section of accelerometer
2 the tangent of the angle of oscillation equals one.

To obtain insight into the effect of the tipstore on the vibration
modes of the wing, the nodal lines as found for the clean wing (for the
approximation see Ref. 3) and the wing with complete tipstore are pres-
ented in figures Ta and Tb. The figures show that for 20 Hz the wing with

tipstore possesses a nodal line which compared to the clean wing is bent

-




3.2

3.2.1

more backwards, especially over the outer part of the wing. The develop~
ment with Mach number is similar to that of the clean wing i.e.: in the
subsonic and transonic regime the nodal line bends to the rear, while in
the supersonic range the nodal line tends to return to its original posi-
tion. The local torsion angle was found to remain almost constant over
the wing. The store itself follows the motion of the wingtip very well

except for Ma = 0.9 and 1.1 in which case deviations of 5 and 7 per cent
are present,

Changing the stagnation pressure from 1,0 x 10° Pa to 0.7 x 105 Pa
has a marked effect on the position of the nodal line., The decreased
aerodynemic load on the wing causes the nodal line to move forward to
the 50 % rootchord pitch axis. The small difference between the torsion
angles of the wingtip and of the store is not affected by this change
in stagnation pressure.

No approximations were made for the L0 Hz testruns of the wing with
tipstore. However, a preliminary analysis of the data indicates that for
this frequency at several Mach numbers the vibration mode becomes com-
plex, i.e. during an oscillation cycle the nodal line does not remain at
the same position, but moves back and forth over the wing. Also, the dis-

crepancy between the motion of the wingtip and of the store increases.
Unsteady loads

General

For all tipstore configurations the unsteady pressure distributions,
measured over the wing, are tabulated in reference 2 and plotted in the
present report. These plots and a list of the relevant test variables are
given in Appendix III.C. For a better comparison the values on the upper-
side are shown with a reversed sign.

In the present experiment the unsteady normal load and pitching
moment acting on the tipstore were measured by the same strain-gage bal-
ance with which the steady data were obtained (for details see Ref. 1
and 5). Plots of these quantities versus Mach number are presented in
Appendix III.D. For test cases above 30 Hz,in part I (Ref. 1) doubts
have been expressed concerning the store loads. For that reason all L0 Hz

cases were omitted from this Appendix as well as from the tabulated data
(Ref. 2).
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Unsteady loads on the wing

The development of the unsteady normal force*)versus Mach number
in the sections 2, 5 and 8 is given in figure 8. For & frequency of
20 Hz this figure presents a comparison between the results of the clean
wing and the wing with complete tipstore.

As can be expected the influence of the tipstore is similar to that
found for the quasi-steady sectional normal load distributions (Fig. &4).
I.. section 2 the presence of the store is hardly felt, and in section 5
up to Ma = 1.1 some influence is visible only in the real part of the
unsteady normal force. Finally, close to the tip in section 8 a con-
siderable effect is found for the real part, while the imaginary part is
affected only slightly. Apart form the interference of the store both
configurations do show a similar behaviour with Mach number.

Like the quasi-steady loads, also the unsteady loads are affected by
a change in stagnation pressure. Figure 8 indicates, that at Ma = 1.1 a
drop in the stagnation pressure leads to a significant increase in the
real part of the normal force in all three sections, while in the imagi-
nary part some influence can be observed also. The unsteady pressure dis-
tributions (Figs. III.C.49 and III.C.53) show this effect to be localized
around the recompression region on the lower side behind the leading
edge. As to the cause for this dependency on stagnation pressure two
possibilities may be mentioned: the change in Reynolds number and the
change in vibration mode (see chapter 3.1).

To get a feeling for the way in which the tipstore interference
spreads over the wing, in figures 9 to 11 the spanwise distributions of
the normal load and pitching moment for the configurations with and with-
out store are compared for Ma = 0.6, 0.9, 1.35 and a frequency of 20 Hz.

For the normal load distributions it can be expected that the real
part is very similar to the quasi-steady distributions in figures 3a to
3c. At Ma = 0.6 (figures 9a and 9b) the unsteady interference extends up
to section 1, which is slightly further than in the quasi-steady case.
The imaginary part hardly shows eny interference except near the tip.

Both the normal force and the pitching moment show a maximal interference

*) For the integration of the unsteady pressure distributions in sections 3
and 5 the zero value, wrongly measured on the upperside near the leading
edge was replaced by a new value, obtained by spanwise interpolation L.~
tween sections 2, 4 and 6.
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3.2.3

in the vicinity of the store.

At transonic conditions {Ma = 0.9, figures 10a and 10b) the effect of
the store is present over all of the span, with again a maximum near the
tip. Both the normal force and pitching moment exhibit a dip in the vici-
nity of section 5, which was not found in the quasi-steady load distri-
butions. In the analysis of the clean wing (Ref. 3) this dip or the
bulge near the tip was explained as partly due to an insufficient reso-
lution necessary to integrate over the peaks generated by the shock
moving over the outer part of the wing.

As the Mach number is increased to Ma = 1.35 the concept of a super-
sonic zone of influence already brought up in the discussion on the
quasi-steady loading on the wing, does explain the unsteady tipstore in-
terference also. Inboard of section 5 both configurations possess the same
load and moment distributions. From thereon the interference grows to-

wvards the tip.

Unsteady loads on the store

The unsteady loads on the store measured by the balance between
wingtip and launcher are shown in figure 12. In this figure the unsteady
normal force and pitching moment for a frequency of 20 Hz are plotted
versus Mach number for the various store configurations. As in the steady
and quasi-steady case, the configuration is made more complex by starting
with the launcher and adding consecutively the missile body, the aft
wings and the canard fins.

The behaviour of the real part of the normal force and the pitching
moment are very similar to the quasi-steady situation (Fig. 6). This holds
for the development with Mach number as well as for the variation of
store configuration. Concerning the normal force, the missile body and
the aft wings each double the preceding case, while the canard fins hard-
ly contribute to the normal force. This contribution is so small not only
because of the relatively small physical dimensions of the canard fins,
but also due to the fact that their motion consist of mainly a heave.
For the pitching moment the picture is completely different. As in the
quasi-steady case, the missile body indeed gives an increase, but the aft
wings produce a significant reduction of the pitching moment, which at
supersoric Mach numbers changes from nose up to nose down (negative).

This means that the addition of the aft wings causes the centre of force

to move backwards even past the balance centre. Completing the configu-




ration with the canard fins, the pitching moment returns to a level
above that of the configuration with the launcher and missile body. For
the imaginary parts of normal force and pitching moment, figure 12 shows
that this part of the unsteady aerodynamic load remains rather small and
that the various components of the store have only little influence.
This last point is not surprising since the reduced frequency, based on

the dimensions of the aft wings or canard fins, is very small.

COMPARISON WITH THEORY

The NLRI-method

Next to the Doublet Lattice method the NLR possesses a theoretical
method for the calculation of the unsteady aerodynamic forces on a wing-
body configuration oscillating in subsonic flow. This so~-called "NLRI-
method" is a panel-type method based on the potential flow approximation.
For the bodies,such as fuselage and stores,use is made of a representa-
tion in terms of unsteady source panels distributed over the contour
of the body, while for the lifting surfaces, which are taken to be infin-
itely thin, the Doublet Lattice approach is used. A detailed description
of the method is given in reference U.

As part of the present investigation the NLRI-method was applied to
the configuration with the complete tipstore at Ma = 0.6 and a frequency
of 20 Hz. The panel distribution used in this calculation is shown in
figure 13. The wing, the canard fins and the aft wings are represented
as thin lifting surfaces, while the launcher and missile body are com-
bined to one long body with an open rear end. As vibration mode the
approximation of run 350 (see table 1) was used. In figure 13 the theore-
tical pressure distributions in three sections of the wing are compared
with the experimental data*). The theoretical lines represent the calcu-
lated pressure jump across the wing divided by two. In section 2 and §
the agreement between theory and experiment is very good. The same holds
for the unsteady pressures on the lower side in section 8. However, on the
upper side of section 8 the experimental pressure distribution shows a

dip which for this specific Mach number was found also in the clean wing

ihote that for the purpose of comparison the unsteady pressures measured
on the upperside are plotted with a reversed sign.




configuration (see Ref. 3). This dip is not predicted theoretically, nor
is a physical explanation readily available.

A comparison of the corresponding theoretical and experimental un-
steady spanwise normal load distributions for both the clean wing and
the wing with tipstore is given in figure 15. The theoretical results for
the wing with tipstore were computed with the NLRI-method, while for the
clean wing the Doublet Lattice method was used (Ref. 3).

As found for the clean wing, also for the wing with tipstore the
real part of the calculated unsteady loading, as normal, is larger than
the experimental value, be it that in the present case the difference
is somewhat extraordinary. The main reason herefore is that from sec-
tion L4 to 8 irregularities in one or more points of the measured pressure
distributions (see Fig. III.C.32 of Appendix C) affect the accuracy of
the integration. However, since these differences are similar for both
configurations conclusions concerning interference effects should remain
valid,

The theoretical calculations predict a tipstore interference which
qualitatively agrees very well with what was found experimentally. The
presence of the store results in an increase of the real part of the un-
steady normal load. This increase is maximal near the tip and becomes
smaller towards the wingroot. The imaginary part is hardly affected.

In table 2 the experimental unsteady normal force and pitching mo-
ment acting on the complete tipstore are compared with the values ob-
tained with the NLRI-method. The agreement is satisfactory. The magnitude
of the store load is of the order of 7.5 per cent of the total wing load.
However, compared to the normal load acting on a strip of the wing near
the tip, having the same width as the store, the store load amounts to
about 125 per cent.

In the calculations with the NLRI-method the unsteady store loads
could be divided in the contributions due to the individual components
of the tipstore. This made it possible to compute also the normal force
and pitching moment for the other configurations measured. In doing so,
it should be realized that the interference effects due to the deleted
parts remain present. Therefore, a comparison with experimental data for
these different configurations gives only qualitative information. Never-
theless, such a comparison is attempted in table 3. The results indicate
that the real part of the normal force increases with the complexity of

the store, while the imaginary part, although predicted with the wrong
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sign, remains small. For the real part of the pitching moment the aft
wings give a reduction and the canard fins an increase. The imaginary

part of the moment is almost zero for all configurations.

The Doublet Lattice method

The calculations described above have the disadvantage, that com-
pared to the Doublet Lattice (DL) method, the NLRI-methode uses 2 to 3
times more computer time. This mekes the computation of unsteady aerody-
namic force coefficients for flutter certification very expensive and
impractical if carried out solely with the NLRI-method. Therefore, in
reference 4 it was proposed already to use the NLRI-method as a datum,
against which results of a cheaper method such as the DL-method can be
checked.

In this investigation it is tried to devise a panel distribution
for the Doublet Lattice method, in which the store is represented as
additional thin lifting surface parts. These additional lifting surfaces
have to fulfil two roles. They should lead to & good prediction of the
interference on the wing and at the sesme time give reliable values for the
store loads. The panel distribution,which turned out to satisfy these
eriteria sufficiently well,is shown in figure 16. The launcher and mis-
sile body are represented by a long tip extension in the plane of the
wing. The canard fins and aft wings are kept in their original configu-
ration except that they extend towards the missile centre line.

The unsteady pressure distributions computed with this DL panel lay=-
out for Ma = 0.6 and F = 20 Hz are presented in figure 17. The agreement
with the experimental results is good, while a comparison with figure 14
indicates that only in section 8 a minimal difference between DL and
NLRI results exists. This difference is visible also in the unsteady
spanwise normal force distribution shown in figure 18. The store loads
computed with this panel layout are given in table lLa. As can be noticed,
they compare reasonably well with both the NLRI results and the experi-
mental data.

To check if this DL panel layout made for Ma = 0.6, would give
satisfactory results also for other Mach numbers, it was applied for
Ma = 0.8 (Run 358) as well. In figure 19 the resulting unsteady pressure
distributions are compared with the measured ones. All three sections
show a very good agreement. Also for the store loads presented in

table Ub the agreement is as good as for Ma = 0.6,

11
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CONCLUSIONS

A wind-tunnel investigation was carried out on a harmonically os-
cillating model of the F-5 wing with and without external store. As part
of the test program steady and unsteady measurements were performed on
the configuration with the store mounted at the wingtip. These measure-
ments concerned pressures on the wing and aerodynsmic loads on the store,
The present report gives a brief analysis of the results for this confi-
guration. This analysis concerns:

. the interference of the tipstore on the steady, quasi-steady and

unsteady wing loading indicating that the tipstore acts as an

endplate, thus increasing the locad on the wing

. the behaviour of this interference with Mach number showing an
increase as the flow becomes transonic, but a reduction for

supersonic flow

. the influence of the various parts of the store on the store
loads which for the normal force grows consistenly with complex-
ity of the store, but which for the pitching moment depends on
the location of the added part with respect to the balance centre

. a description in terms of polynomials of the in-wind vibration

modes for 20 Hz

. a comparison of these vibration modes with those of the clean

wing indicating that the tipstore causes the nodal line tc move

backwards

. the influence of the stagnation pressure on the vibration modes

and the quasi-steady and unsteady sectional loads

. a comparison of unsteady experimental data for Ma = 0.6 with the

results obtained with the NLRI-method, showing a good agreement

. the development of a panel distribution which in Doublet Lattice

calculations gives similar results as the NLRI-method and shows

good agreement with the experiment.
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TABLE 2
Comparison of theoretical and experimental

unsteady loads on the tipstore

Conf. k: Wing with complete tipstore

Ma = 0.6 THEORY

F = 20 Hz| EXPERIMENT | “yrpy

Re C, 0.082 0.087

InC, 0.017 -0.009

Re cM 0.046 0.039

In C, -0.003 -0.004
TABLE 3

Comparison of theoretical and experimental unsteady

loads on different tipstore configurations

Ma=0.6 F=20Hz H;Ee €z | ImCyfiRe Cy | Im Cy
Cont. 2: Llpla:ncher EXP. H 0.041 0.008 0.030 | 0.012
Missile Body NLRI {| 0.067 | -0.014 J10.023 | 0.003
i
Cont. 3: 4+ pouACher | gxp. |l 0.079 | 0.008[l0.009 | o
Body + Aft NLRI }j 0.076 | -0.006{0.018 0
Wings
Conf. L4 Complete EXP. || 0.082 | 0.017}{0.046 |-0.003
* 7 Store NLRI || 0.087 | -0.009 {|0.039 |-0.004
|
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TABLE 4

Comparison of theoretical and experimental

unsteady loads on the tipstore

Conf. U4: Wing with complete tipstore

Ma = 0.6 THEORY | pypprrmmny | THEORY
F =20 Hz | D.L. NLRI
Re C, 0.083 0.082 0.087
Im C, 0.008 0.017 -0.009
Re C 0.032 0.0k46 0.039
Im Cy, -0.008 -0.003 -0.00k4
Ma = 0.8 THEORY | pooeetvEnT
F =20 Hz D.L.
Re C, 0.094 0.097
Im C, 0.002 0.016
Re Cy 0.032 0.045
Im C -0.009 ~0.006




i C' =0,6396 m
PITCH AXIS
(50% C,)
x
{ ® ACCELEROMETERS
NR x (m) y (m)
3 1 0.1087 | 0.0957
F 2 0.5648 | 0.0977
' 3 0.2309 | 0.297m
4 0.5475 | 0.290
‘ $=0.6226 m 5 0.3422 | 0.4772
] 6 0.5270 | 0.4772
- 7 0.4070 | 0.6176
8 0.5390 | 0.617¢
9 0.13¢5 | 0.6350
10 0.6393 | 0.6350

® BALANCE CENTRE

X = 0.480; y = 0.635

Fig. la Dimensions of the wing model




Fig. 1b Model of wing with tipstore mounted in the wind tunnel
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Fig. 1lc Location of the pressure orifices




Mo = 0.6

O | CLEAN WING
+ | WING 4+ TIPSTORE

0.06

0.041

0.02|- /

—

-0.02

or
cl
-0.02
-0.04
-0.06-

Fig. 2a Steady spanwise normal load distributions on tae
clean wing and on the wing with complete tipstore
at Ma = 0.6
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-0.04

Ma = 0.9

(o]

CLEAN WING
+ | WING + TIPSTORE

-
+
'l [l A 0 J
/'5/* 2
(o)

i + * —¢
-
Fig. 2b Steady spanwise normal load distributions on the

clean wing and on the wing with complete tipstore
at Ma = 0.9
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Mo = 1.35
O | CLEAN WING
+ | WING + TIPSTORE
0.02~
C,
ok
-0.02L
0 -1 1
c!
-0.02
-0.04}-
—osl

-0.10

L

Fig. 2c

Steady spanwise normal load distributions on the
clean wing and on the wing with complete tipstore

at Ma = 1.35
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Rt o L A

.. *s
Me = 0.6 EXP. | RUN CONFIGURATION
F = 0Hz] O 137 CLEAN WING
+ n WING + TIPSTORE
Lér
C.Q
L2
0.8
0.4}
1 1 1 1 ]

0 LERA

Fig. 3a Quasi-steady spanwise normal load distributions
on the clean wing and on the wing with complete

tipstore at Ma = 0.6
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Ma = 0.9 EXP. ] RUN CONFIGURATION

151 CLEAN WING
320 WING + TIPSTORE

F = 0H:

+0

2.0 -

A 1 A ] )

0 1 1/s

Fig. 3b Quasi-steady spanwise normal load distributions
on the clean wing and on the wing with complete
tipstore at Ma = 0.9
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Fig. 3¢ Quasi-steady spanwise normal load distributions
on the clean wing and on the wing with complete
tipstore at Ma = 1.38

Me = 1.35 RUN | CONFIGURATION
F= om) O 190 CLEAN WING
+ 297 WING + TIPSTORE
2.0 -
Crq

16

1.2

0.8}

0.4}

1 1
0
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2.0

1.0

2.0

1.0

F=0H:z

O | CLEAN VING
+ | WING 4+ TIPSTORE

O+{Py = 1.0 x 10° Pa
Of[Pg = 0.7 x 10° Pa

-
A AN
+ o

Y

Fig. 4 Sectional quasi~steady normal load distribution on

the clean wing and the wing with complete tipstore
versus Mach number
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CONFIGURATION

OpO+

LAUNCHER (L)

L + MISSILE BODY (MB)

L + MB + AFT WINGS (AW)

L + MB + AW + CANARD FINS

-0.001

-0.002%-

¢

~0.001} ~.—

-0.002}-

ook

-0.004 L

Fig. 5a Steady normal force on various tipstore configurations

versus Mach number
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CONFIGURATION

LAUNCHER (L)

L + MISSILE BODY (mMB)

L + MB + AFT WINGS (AW)

L + MB + AW + CANARD FINS

obo+

~0.001%

o
="
oln 36 1.0 14 Mo
\/
-0.001L

0.001
[
Cm
0.6 1.0 1.4 M
0 fA - N a
\
-0.001%

Fig. 5b Steady pitching moment on various tipstore configurations
versus Mach number
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0.12 [‘ F=0H:z
clq CONFIGURATION
+ |LAUNCHER (L)
0.08 O|L + MISSILE BODY (MB) -
AlL + MB + AFT WINGS (AW) |
OJL + MB + AW + CANARD FINS

oosl A

i
=N
:

0 N L }
' _ J\' 0.6 1.0 1.4 Mo
0.04
CMq
0.02}

-0.02% 1i

Fig. 6 Quasi-steady normal force and pitching moment on
various tipstore configurations versus Mach number
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CLEAN WING WING + TIPSTORE

|
i
Ma =0.60
)
| node point
of the store
s <]
e
@, = 1.00 a’ﬁp
Ma=0.70
@, =101 a/ﬁp
\
|
|
o
: Mo =0.80
{
|
|

Fig. 7a In-wind vibration modes of the clean wing and
the wing with complete tipstore
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; CLEAN WING VWING + TIPSTORE
J
{
‘.
+ I - Ma =0.90
\
'\‘ Po = 1.0 x 10° Pa
\
\
'
|
A Mo=1.10
+ |\ - .
!
! 5
\ Po = 1.0 x 10° P
\
\
\
i
lL
|
+ |' - Mo =1.35
|
.l‘ Po = 0.7 x 10° Pa
K ’ R

Fig. 7b In-wind vibration modes of the clean wing and
the wing with complete tipstore
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F =20 Hz
O | CLEAN WING
+ | WING + TIPSTORE
1.0
M.l Ma
O+|Pg = 1.0 X 10° Pa
J#4|Py = 0.7 X105 Pa

Sectional unsteady normal load distribution on the
clean wing and the wing with complete tipstore
versus Mach number
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Mo = 0.6 EXP. | RUN CONFIGURATION

F = 20H:] O 382 CLEAN WING

K = 0.2 + 350 WING + TIPSTORE
1.6 r

Re C

1.2 L

0.8}
0.4}
] 1 1 ] _l
0 Vv
0.4

vy

Fig. 92 Unsteady spanwise normal load distributions on

the clean wing end on the wing with complete
tipstore at Ma = 0.6
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CONFIGURATION
F = 20H:] O 382 CLEAN WING
K = 0.2 + 350 VWING + TIPSTORE
0.2~

0.4 B
Im Cmi
1 1 1 | Jd
0 Vv

Fig. 9b Unsteady spanwise pitching moment distributions
on the clean wing and on the wing with complete
tipstore at Ma = 0.6
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Ma= 0.9 EXP. | RUN CONFIGURATION
F = 20 H:z O 369 CLEAN VING
K = 014 + 353 WING + TIPSTORE
lor
Re czi
1.6F
1.2+
0.8
0.4}
| 1 R | J
0 Vv
0.4¢
Im C’i
0

ol

Fig. 10a Unsteady spanwise normal load distributions on
the clean wing and on the wing with complete
tipstore at Ma = 0.9
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=
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]
o
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]
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0.2

Y/s

Fig. 10b Unsteady spanwise pitching moment distributions
on the clean wing and on the wing with complete
tipstore at Ma = 0.9
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Mo = 1,35 | EXP. [ RUN CONFIGURATION

h ]
K

20 Hx
0.1

192 CLEAN WING
300 WING + TIPSTORE

=
1
+0

zone of influence

1.6

Re C,;

1.2}

0.8}

0.4

e
o
e
3

Vv

0.4 r

im Cg;

Y/s

_oal

Fig. 11a Unsteady spanwise normal load distributions on
the clean wing and on the wing with complete
tipstore at Ma = 1.35
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Mo = 1.35 CONFIGURATION
F = 200H:| o 192 CLEAN WING

K = 0. + 300 WING + TIPSTORE
zone of influence
0.6
R. cmi + + ® /&
/b O/ g N\
; 0.4} &
0.2
L 1 1 | . |
] 0 1 v/
0.2
lm Cmi

)

.‘ .l\k i L
| ° e

i Fig. 11b Unsteady spanwise pitching moment distributions
- on the clean wing and on the wing with complete
L, tipstore at Ma = 1.35




F=2H:
012 CONFIGURATION

Re C + |LAUNCHER (L)
il 4] O|L + MISSILE BODY (MB)
AlL + MB + AFT WINGS (AW)
0.08 }- OlL + MB + AW + CANARD FINS

-0.04%-
0.04 ~
Re C,,.
M' lm CMi
0.02)- 0.02

0.6 1.0 1.4 Ma

-0.02 L ~0.02%

; Fig. 12 Unsteady normal force and pitching moment on the
various tipstore configurations versus Mach number
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NUMBER OF PANELS
WING 17
CANARD FINS 16
AFT WINGS 60
LAUNCHER -

294
MISSILE BODY
TOTAL 487

Fig. 13 Panel distribution used in calculations with

the NLRI-method
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K =0.2
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LOWERSIDE ©

KULITES b 3
THEORY —
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8
Re Cpi
-
! P ar
k Im Cpi
- -
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-4 N -4 - ? ;5
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‘ SECTION 8
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Re Cpi
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0 Jﬂ-
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Fig. 14 Comparison of experimental and theoretical (NLRI-method)

unsteady pressure distributions on the wing with com-
! plete tipstore at Ma = 0.6
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Me = 0.4 EXP.

THEQRY | CONFIGURATION

P =20¥: O

X = 02 +

== DL} CLEAN WING
~==NLRI| WING + TIPSTORE

I C-t' {—-_i_\ *——'O\o—ag.%.

! Y/s

Fig. 18

Comparison of experimental and theoretical unsteady
spanwise normal load distributions for the clean
wing and the wing with complete tipstore at Ma = 0.6
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NUMBER OF PANELS
WING nz
CANARD FINS 24
AFT WINGS 80
LAUNCHER - 44
MISSILE BODY

TOTAL 255

e
blet Lattice Method
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Re Cpi

Im Cpi

0 °?‘w I K = 0.2
C

UPPERSIDE O
-a L -4 5 LOWERSIDE O
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THEORY -—
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8
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4 P ar
}_ Im Cpi
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L _al
3 SECTION 8
L
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Fig. 17 Comparsion of experimental and theoretical (D.L. method)
unsteady pressure distributions on the wing with com-
plete tipstore at Ma = 0.6
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Mo = 0.6 EXP. | THEORY | CONFIGURATION

F = 0H: O — DL| CLEAN WING

+ [—=-niRi
K = 0.2 ZT2T L] wne sTipsToRE
-
-
P -

1.6 ’- - ”~ " ~

‘ -

Re Cy ==

Y ——

Y/s

Fig. 18 Comparison of experimental and theoretical unsteady
spanwise normal load distributions for the clean
wing and the wing with complete tipstore at Ma = 0.6
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2l 2hy Ma = 0.8
1 F = 20 H:z
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THEORY —-— ‘1
10 (DL)
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ReCp)
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-2
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Fig. 19 Comparison of experimental and theoretical
(D.L. method) unsteady pressure distributions
on the wing with complete tipstore at Ma = 0.8 s
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APPENDIX III.A
Definitions of Steady and Unsteady Aerodynamic Quantities

*)

THE WING
Steady
Pregssure coefficient Cp:
Cp = (P, - P)Q. i.

Sectional normal force:
1 :
Z=CQC,C,=- I (cp+ - cp_) a(x/c) . i
[2)

Sectional pitching moment about quarter chord point (positive

nose down):

- 2 = - _ _ . i
M=cCQc’,C j (Cpy = Cp) (x/C - 0.25) a(x/c) . |
°
Quasi-steady at zero incidence (w = 0; a = 0%)
Pressure coefficient C_ :
rq
¢ {a + 4a.) = C {a = Aa,)
C =AC Jba =20 1 p_o© 27
pq P

ba; * Aas

Sectional normal force:
c (ao + Aa1) - Sz (ao - Aaz)

Z
Aa1 + Aa2

- iwt -
Zq— nQCCque N Czq =

ACz/Aa =

E 1R
Al =

Sectional pitching moment (positive nose down):

: C(a +A0a,) =C {(a - Ax
_m iwt = 2 = m' o 1 m o 2)
Mq == Qé%mqee s Cmq = ACm/Aa

E )]

Aa1 + Aa2

*)The definitions for the unsteady aerodynaemic quantities are according H
to the AGARD Manual on Aeroelasticity Vol. VI (Ref. 6). ‘




Unsteady

Pressure coefficient C i

C . =ReC . + iImC . = P./Q8
pi pi pi i

Sectional normal force:

1

[ - Cp;) alx/C) .

- iwt - .
Zi = nQCCziee ’ Czi ReCZi + 1ImCzi = - pi+

At =

o)

Sectional pitching moment about quarter chord point (positive nose

down):
=T 2 iwt
M, = 3 Qc? ¢ e,
1
) 2
Gy = ReCy + ilmCy, = - = OI (C gy = Cpg) (x/C - 0.25) a(x/C) .
THE STORE

Steady

Normal force:

Z = CZQCS .

Pitching moment about balance centre (positive nose up):

= o4
M CMQC s .

Quasi-gteady at zero incidence (w = 03 a, = 0?)

Normal force:
= On iwt
Zq wQ,SCzqee R

C,(a + Aa,) = C,{a_ = Aa,)
c. =lac /aa=l_2 0 1 z'% 2
Z2qa n Z

£l

Aa1 + A02

Pitching moment about balance centre {positive nose up):

T iwt
M = x QG2SC, 6e
q é Q Mq

2 Cyla, + ba,) - Cyla, - Aay)

=2 =
C = ; ACM/AG = i

Mq

Aa1 + Aa2
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Unsteady
Normal force:

iwt
zianEchiee , C,. = ReC

21 2i + 1ImC

zi .

Pitching moment about balance centre (positive nose up):

T %2 iwt = 3
M, =5 QT 5Cyy; 8¢ » Cy; = ReCy. = iImCy. .




APPENDIX III.B

Steady Pressure Distributions

*

Wing + Tiplauncher (Conf. 1)

Nominal Nominal Nominal
Run No. Ma a P, x 10-5 | Fig. No.
(degrees) (Pa)
197 0.6 -0.5 1.0 III.B. 1
198 0 2
199 +0.5 3
206 0.9 -0.5 IIT.B. 4
208 0 5
209 +0.5 6
212 1.10 -0.5 III.B. T
213 0 8
214 +0.5 1.0 9
223 1.10 -0.5 0.7 III.B.10
22l 0 11
225 +0.5 12
217 1.35 -0.5 I1I.B.13
218 0 14
220 +0.5 0.7 15

50

* . .
)Note that in sections 3 and 5 the first point on the upperside showing

a zero value is a faulty pressure point, which should not be considered
in any evaluation.
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Wing + Tiplauncher + Missile Body (Conf. 2
Nominal Nominal Kominal .
Run No. Ma a P x 10~5 Fig. No.
(degrees) %(Pa)
255 0.6 -0.5 1.0 III.B.16
256 0 17
257 +0.5 18
2k9 0.9 -0.5 I1I.B.19
251 0 20
252 +0.5 21
2Ll 1.10 -0.5 III.B.22
245 0 23
2L6 +0.5 1.0 2L
233 1.35 -0.5 0.7 III.B.25
234 0 0.7 26
235 +0.5 0.7 27
Wing + Tiplauncher + Missile Body + Aft Wings (Conf. 3)
Nominal Nominal Nominal Fig. No.
Run No. Ma a P x 10-5
(degrees) %(pa)
285 0.6 -0.5 1.0 III.B.28
286 0 29
287 +0.5 30
280 0.9 =0.5 ITI.B.31
281 0 32
282 +0.5 33
274 1.10 =0.5 III.B.34
275 0] 35
276 +0.5 1.0 36
269 1.10 -0.5 0.7 IIT.B.37
270 0 38
271 +0.5 39
264 1.35 -0.5 III.B.LO
265 0 U1
266 +0.5 V0.7 k2
51




Wing + Tiplauncher + Complete Missile (Conf. 4)

Nominal Nominal Nominal
Run No. Ma. o P x 1075 | Fig. No.
(degrees) (Pa)
340 0.6 -0.5 1.0 III.B.L3
341 0 Ly
342 +0.5 45
333 0.7 -0.5 III.B.L6
334 0 L7
335 +0.5 L8
326 0.8 -0.5 III.B.k49
327 0 50
328 +0.5 51
319 0.9 -0.5 III.B.52
320 0 53
321 +0.5 54
312 1.10 -0.5 III.B.55
313 0 56
31k +0.5 1.0 57
303 1.10 -0.5 0.7 III.B.58
306 0 59
307 +0.5 60
295 1.35 -0.5 III.B.61
297 @] 62
298 +0.5 0.7 63
52
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APPENDIX III.C

Unsteady Pressure Distributions*)
Wing + Tiplauncher (Conf. 1)
Run | Nominal| Nominal F Oscillation
No. Ma P x 10=° | (Hz) K amplitude Fig. No.
(Pa) (degrees)

202 0.6 1.0 20 | 0.202 0.11 III.C. 1
204 Lo | 0.k02 0.11 2
210 0.9 20 0.138 0.53 ITII.C. 3
211 Lo ] 0.276 0.22 L
215 1.10 20 0.116 0.53 III.C. 5
216 1.0 Lo | 0.232 0.23 6
226 1.10 0.7 20 0.117 0.53 IITI.C. 7T
227 ko | 0.234 0.12 8
221 1.35 20 0.100 0.53 IIT.C. 9
222 0.7 Lo | 0.200 0.11 1oj

*)Note that in sections 3 and 5 the first point on the upperside, showing
a zero value, is wrong. It should not be used in any evaluation. Further
the values for the upperside are plotted with a reversed sign.

116




Wing + Tiplauncher + Missile Body (Conf. 2

Run | Nominal Nominal F Oscillation
No. Ma P x 10-5| (Hz) K amplitude | Fig. No.
(Pa) (degrees)
258 0.6 1.0 20 0.201 0.52 III.Cc. 11
259 Lo 0.ko2 0.22 12
253 0.9 20 0.138 0.53 I11.C.13
_ 254 Lo 0.276 0.22 14
’ ou7 1.10 20 | 0.116 0.52 III.C.15
3
2L8 1.0 Lo 0.232 0.23 16
242 1.10 0.7 20 0.116 0.52 III.C.17
i 243 Lo 0.232 0,22 18
236 1.35 20 0.100 .53 I11.C.19
237 0.7 4o 0.199 0.11 20
Wing + Tiplauncher + Missile Body + Aft Wings (Conf. 3)
Run | Nominal Nominal F Oscillation
No. Ma P x 105 | (Hz) K amplitude Fig. No.
(Pa) (degrees)
; 288 0.6 1.0 20 0.201 0.52 IIr.c.21
289 40 0.402 0.22 22
283 0.9 20 0.139 0.53 III.C.23
284 ko 0.279 0.22 24
277 1.10 20 0.116 0.52 III.C.25
278 1.0 ko 0.232 0.23 26
272 1.10 0.7 20 0.117 0.52 I1I1.C.27
273 4o 0.23h4 0.1 28
267 1.35 20 0.100 0.53 I1II.C.29
268 0.7 Lo 0.200 0.22 30




Wing + Tiplauncher + Complete Missile (Conf. L)

! Run {|Nominal Nominal F Oscillation
' No. Ma P x 1075 (Hz) K amplitude Fig. No.
l (Pa) (degrees)
351 0.6 1.0 10 | 0.100 0.1 III.C.31
350 20 | 0.200 0.1 32
f 34k 20 | 0.200 0.53 33 :
‘ 349 30 | 0.300 0.11 34 )
348 Lo | 0.ko1 0.11 35
336 0.7 10 | 0.086 0.53 III.C.36 )
! 337 20 | 0.173 0.53 37 i
338 30 | 0.260 0.37 38 :
339 o | 0.346 0.22 39 :
g 357 | 0.8 10 | 0.076 0.11 III.C.LkO ?
358 20 | o0.153 u1 f
359 30 | 0.229 L2 ;
360 o | 0.305 L3
352 0.9 10 | 0.069 III.C.LL
353 20 | 0.138 L5
354 30 { 0.207 L6
355 ko | 0.275 G.11 b7
315 1.10 10 | 0.058 0.55 I1I.C.48
316 20 | 0.116 0.53 49
317 30 | 0.17k 0.38 50
318 1.0 4o | 0.231 0.23 51
308 1.10 0.7 10 | 0.058 0.54 IIT.C.52
309 20 |0.117 0.52 53
310 30 | 0.175 0.37 54
311 4o | 0.23h 0.22 55
299 1.35 10 | 0.051 0.53 I111.C.56
300 20 {0.101 0.53 57
301 30 |o.149 0.37 58
302 0.7 Lo | 0.199 0.22 59
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APPENDIX III.D
Steady and Unsteady Store Loads

Steady :

ngf’ Configuration Fig. No.
1 W+ TL III.D.1la
2 W+ TL + MB III.D.1b
3 W+ TL + MB + AW II11.D.2
y W+ TL + MB + AW + CF | III.D.3

Unsteady :

Conf. . . F .

No. Configuration (Hz) Fig. No.
1 W+ TL 20 III.D.4
2 W+ TL + MB 20 I1T1I1.D.5
3 W+ TL + MB + AW 20 III.D.6
L W+ TL + MB + AW + CF 10 III1.D.7
L W+ TL + MB + AW + CF 20 III.D.8
L W+ TL + MB + AW + CF 30 111.D.9

W = Wing

TL = Tiplauncher

MB = Missile Body
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Aft Wings

Canard Fins




Fig. I11.D.1
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rig. III.D.2
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Fig. 111.D.3
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